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Summary. Branchial chloride cells, which actively take 
up ions in the gills o f  freshwater fish, were studied in 
tilapia {Oreochromis mossamhicus) exposed to sublethal- 
ly acidified freshwater. S tructural dam age  o f  cells, result­
ing in cell dea th  by necrosis, only occurred  transiently, 
when the reduction  o f  w ate r  pH was acute  ra th e r  than  
gradual.  The  m ost p rom inen t  effects o f  w ater  acidifica­
tion were the rapid increase in the n u m b er  o f  chloride 
cells and  the changes in frequency o f  the different stages 
o f  the chloride cell cycle. In the opercu lar  inner epitheli­
um, a twofold increase in cells occurred 48 h after  g ra d u ­
al acidification. Cell density stabilized after 4 weeks at 
a level 5 times th a t  o f  contro l fish. F ou r  trans ito ry  stages 
were distinguished in the chloride cell cycle: accessory 
or rep lacem ent cells, im m ature ,  m atu re ,  and  degenera t­
ing (apop to tic )  cells. In contro l fish, m a tu re  chloride 
cells do m in a ted  (over 50% ) with im m atu re  and  a p o p to t ­
ic cells totalling ab o u t  40% . After 4 weeks in acid water, 
only 13% o f  the cells were m ature .  Im m atu re  and  a p o p ­
totic cells dom ina ted ,  each representing abou t  40%  o f  
the total n u m b er  o f  chloride cells. M a tu re  cells a p p a re n t ­
ly age rapidly  u n d e r  these conditions. Thus, chloride 
cells tu rn  over quickly in acid water, with a m ino r  in­
crease in ion t ra n sp o r t  capacity  o f  the gills. This conclu­
sion is supported  by the observation  tha t  opercu lar  and  
branchial N a + / K + A T Pase  activities in treated  fish are 
only 4 0 % - 5 0 %  higher than  in controls .
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This paper  deals with m a tu ra t io n  and  degenera tion  o f  
chloride cells o f  fish gills under  freshwater conditions. 
W hereas the ion-extruding  activity o f  the gills o f  seawa-
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ter fish has been elegantly dem ons tra ted  to be located 
in the chloride cells (Foskett  and  Scheffey 1982), and  
the im portance  o f  these cells is well know n, the ion- 
absorptive  function ascribed to these cells in freshwater 
fish has been shown only indirectly. These cells have 
been described as rud im en ta ry  in freshwater fish (Fos­
kett et al. 1981). However, m ore  recent physiological, 
biochemical and  u ltras truc tu ra l  studies have established 
a close re la tionship  between freshwater chloride cells and  
the up take  o f  m onovalen t  and  divalent ions (Payan et al. 
1981 ; Flik et al. 1985a; M ay er-G o s tan  et al. 1987). F u r ­
therm ore , these cells show adap tive  changes such as cell 
p ro lifera tion  when the ion balance is d is turbed  by re­
duced w ater  ion levels or by various types o f  w ater  po llu ­
tion, including w ater  acidification (M cD o n a ld  1983; 
Leino and  M cC orm ick  1984; L auren t  et al. 1985; Avella 
et al. 1987). Few studies describe the s truc tura l  changes 
associated with increased activity and  tu rnover  o f  ch lo ­
ride cells in freshwater fish.
Teleost chloride cells are s tructurally  characterized 
by m any  small m itocho nd ria  and  an extensive system 
o f  small b ranch ing  and  anas tom osing  tubules, where 
ion - transpor t ing  enzymes such as N a  + / K + -A TPase, 
N a +/H  + -A TPase  and  t ran sp o r t  C a 2 + -A TPase  are locat­
ed (H o o tm an  and  Philpo tt  1979; Flik et al. 1985b; Balm 
et al. 1988); the tubules have a lumen tha t  is con tinuous  
with the extracellular space via orifices in the basolateral 
cell m em b ran e  (Sardet et al. 1979; L auren t  and  D unel 
1980). Vesicles are present between the apical m em brane  
and  the tubu la r  system in the apical cytoplasm  (Pisam 
1981 ; L auren t  1984). This s truc ture  is typical o f  chloride 
cells o f  fish from freshwater and  seawater. The presence 
o f  accessory cells is considered typical o f  seaw ater fish 
(D une l-E rb  and  L auren t  1980; Chrétien  and  Pisam 
1986; Pisam et al. 1988). On the o ther  hand , these cells 
have been interpreted as im m atu re  differentia ting ch lo ­
ride cells (Sardet et al. 1979; H o o tm a n  and  Philpott  
1980). In an earlier study on tilapia (W endelaar Bonga 
and Van der Meij 1989), we found accessory cells in 
freshwater fish, albeit in very low num bers. We suggested
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tha t  m a tu re  chloride  cells differentiate from accessory 
cells in bo th  freshwater and  seaw ater fish, and  tha t  the 
high frequency o f  accessory cells in seaw ater was caused 
by increased cellular turnover. The  higher n u m b er  o f  
accessory cells was accom pan ied  by a  higher incidence 
o f  chloride cells tha t  were degenera ting  by apoptosis . 
If  the s tructura l  diversity o f  the chloride cells is indeed 
related to the tu rnover  rate o f  the chloride cells ra ther  
than  to the ionic com posit ion  o f  the water, the changes 
typical o f  fish transferred  from freshwater to seaw ater 
will also occur when tu rnover  has increased after  acidifi­
cation o f  freshwater.
We used the African cichlid fish Oreochromis mos- 
scimbicus (tilapia), a hardy  euryhaline teleost, tha t  was 
exposed to sublethal acidification o f  the water. In a p re­
liminary report,  we have shown tha t  this t rea tm ent leads 
to a rapid proliferation  o f  the chloride cells in response 
to the osm oregu la to ry  stress im posed (W endelaar Bonga 
and  Dederen 1986).
There have been few studies on the u l tras truc tu re  
o f  chloride cells o f  acid-stressed fish, and  these are m a in ­
ly limited to observa tions  on fish from na tu ra l  acid
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water, p robab ly  co n tam in a ted  with a lum inum  or o ther  
toxic cations, o r  on fish exposed to w ater with a pH 
close to the lethal level (Chevalier et al. 1985: L e inoe t  al.
1987). The present observations  on tilapia deal with fish 
exposed to a sublethal pH level that has been shown 
to represent substan tia l  stress for the fish (reduced 
grow th  and  reproduction) ,  but that is tolerated for at 
least 6 m o n th s  w ithou t increase in m orta lity  (Flik el al. 
1989).
Materials and methods
Sexually mature  male and female tilapia (Oreochromis mossamhi- 
cus : formerly Tilapia mossambiea and Saroflierodon nwssambicus) 
o f  15-25 g body weight were obtained from laboratory stock. They 
were kept in 200 1 aquaria  containing tap water, at 25° C with 
a daily 12-h photoperiod. The water was continuously circulated 
through charcoal filters. The concentrations o f  the water (in m M) 
were: Na + , 5.0; K + , 0.06; C a 2 + , 0.8; M g 2 + . 0.2; C l ' ,  4.2: S 0 42",
0.5; pH, 7.6. Water pH was lowered from pH 7.6 to pH 4.5 by- 
adding dilute H 2S 0 4 with a multichannel pum p either acutely (in 
10 min) or gradually (over 4 h). During acidification, the water 
was well aerated. During the exposure period, water pH was a d ­
justed with N aO H  or H 2S 0 4 using Radiometer pH-stat equipment. 
The am m onia  concentration of  the water (ammonia secretion in­
creased rapidly during the first lew days in acid water) was m oni­
tored daily and kept below 0.5 mg/1 by replacing some o f  the water. 
The concentration o f  aluminum was determined in a Plasma IL 200 
Therm o Electron atomic emission spectrometer, and am ounted  to
21 Mg/1-
G roups  o f  7 fish were exposed for 48 h or 1, 4 or 6 weeks 
to pH 4.5. and subsequently anesthetized with methoxyethanol. 
Blood was collected in heparinized hematocrit  tubes from the cau­
dal blood vessels after severing the tail. Plasma osmolarity was 
determined in a Vogel micro-osmometer. Plasma sodium and calci­
um were measured by Ha me photometry  (Model IV Auto-analyzer. 
Technikon). One branchial operculum of  each fish was removed 
and incubated for 1 h in a well-aerated 2 \iM  solution o f  2-(dimeth- 
ylaminostyryl)-l-ethylpyridiniumiodine (DASPEI), which stains 
the mitochondria-rich chloride cells (Bereiter-Hahn 1976). After 
rinsing, the inner opercular epithelium was examined in a Zeiss
fiuorescence microscope at a magnification o f  x 250. Because of 
the complexity o f  the gill structure, the num ber o f  chloride cells 
is difficult to estimate. We therefore present the num ber o f  chloride 
cells per surface area o f  the inner opercular epithelium; this value 
is considered to reflect total branchial chloride cell numbers (Fos- 
kett el al. 1981). Cells were counted in 20 different squares of  the 
opercular epithelium with a total surface area o f  5 m m 2 per fish. 
The da ta  were statistically analyzed using Student 's  /-test.
Gill filaments were dissected and fixed for electron microscopy 
as described (Wendelaar Bonga and Van der Meij 1989). Chloride 
cells were examined in the interlamellar areas o f  the filamental 
epithelium. The percentages o f  accessory, immature, mature, apop- 
totic and necrotic chloride cells were determined on the basis of 
the classification o f  100 chloride cells per animal, in groups of
6 fish. These percentages were determined for control fish and for 
fish exposed to acid water for 1 or 4 weeks.
For determination o f  the Na^ /K 1 -ATPase activity o f  opereula 
and gills, groups of  8 fish (a control group from water o f  pH 7.6 
and a group exposed to pH 4.5 for 4 weeks) o f  2 0 +  1 g body weight 
were quickly anesthetized in a TRIS-buffered (pH 7.4) MS-222 so­
lution. The bulbus arteriosus was cannulated and the branchial 
appara tus  was perfused with ice-cold isotonic saline containing 
heparin (20 U ■ ml 1) to remove the blood cells from the gills. Addi­
tionally. 0.2 m M  phenylmethylsulphonyl fluoride, a protease inhib­
itor, was added to the perfusion lluid to increase enyzme recovery. 
The epithelium o f  the gills and the inner epithelium o f  the opereula 
was scraped off on to  an ice-cold glass plate with a glass microscope 
slide. The subsequent preparative procedure and the N a +/K - 
ATPase assay were performed as described by Flik et al. (1983).
Results
Freshwater controls
General structure. The  gill filament is covered by an epi­
thelium consisting o f  2 -4  layers o f  flattened epithelial 
cells (pavem ent cells), with occasional m ucocyte  and 
m any  chloride cells. The latter cells are m ainly  concen­
trated in the filamental epithelium between the resp ira to­
ry lamellae. The layers o f  filamental epithelial cells are 
separa ted  in m any  places by lymph spaces tha t  m ay con­
tain different types o f  leucocytes.
Chloride cells. M any  chloride cells display the structure 
typical o f  teleost fish with num erous  m itocho nd ria  and 
a well-developed tu b u la r  system. The apical m em brane
Fig. 1. Filament epithelium, control. M ature  chloride cell with tu­
bular system (/), mitochondria  (/?/), and apical crypt (c); p pave­
ment cell, x 8500
Fig. 2. Filament epithelium, pH 4.5 (7 days). M ature  (me) and 
apoptotic  (ac) chloride cells; c apical crypt;  / lymphoid space; p 
pavement cell; u undifferentiated cell, x 5500
Fig. 3. Filament epithelium, pH 4.5 (7 days). M ature  (me) and ac­
cessory (ae) chloride cells: p pavement cell, x 12 500
Fig. 4. Filament epithelium, pH 4.5 (7 days). Part o f  accessory cell, 
showing many ribosomes (/•) and developing tubular system (/)• 
x 29 000
Fig. 5. Acclimatization to pH 4.5, 7 days. Detail o f  m ature  chloride 
cell with well-developed tubular system and some granular  endo­
plasmic reticulum, x 40000
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Fig. 6. Density o f  the chloride cells in the inner opercular epitheli­
um o f  fish exposed for 2, 7, 28 or 42 days to water o f  pH 4.5 
(solid line gradual acidification; broken line acute acidification), 
and o f  fish from water o f  pH 7.6 {control): m c a n s ± S .D . ;  n = l
Fig. 7. Relative frequency o f  the different stages o f  the chloride 
cells in control fish (day 0), and fish exposed to water o f  pH 4.5 
for 7 and 28 days, as estimated at the ullrastruclural level. The 
length o f  the bars reflects the numerical density o f  the chloride 
cells as determined in the inner opercular epithelium after DASPEl 
staining (density o f  chloride cells in control fish at day 0 : 100%)
o f  these cells is in con tac t  with the w ater  and  may be 
indented, form ing an apical crypt (Figs. 1, 2). This fully 
differentiated and  rounded  cell is called a m a tu re  ch lo­
ride cell. It is only one o f  4 different stages o f  the ch lo ­
ride cell cycle, as distinguished in this study. Some o f  
the m a tu re  cells are associated with an accessory cell: 
a slender, often crescent-shaped, small cell, with a less 
well-developed tubu la r  system and frequently  with a 
denser cytoplasm  than the m a tu re  chloride cells (Figs. 3, 
4). A few chloride cells are s tructurally  in term ediate  be­
tween accessory cells and  m a tu re  chloride cells. These 
cells are rounded  and  often have fully developed apical 
crypts similar to m a tu re  chloride cells, and  will be called 
im m atu re  chloride cells. Their  g ran u la r  endoplasm ic  re­
ticulum is m ore  extensive and  the tubu la r  system less 
developed than  in m a tu re  cells. Golgi areas, which are 
scarce in m atu re  and  accessory chloride cells, are c o m ­
m o n ;  the nuclei are euchrom atic  with distinct nucleoli. 
Some chloride cells show signs o f  degenera tion  by apop-  
tosis (W endelaar Bonga and  Van der Meij 1989). The 
cells lose con tac t  with the w ater  and  become m ore  dense 
and  rounded . They are finally phagocytosed  by m ac ro ­
phages; in these cells, large chloride cell rem nan ts  (apop- 
totic bodies; Wyllie et al. 1981) are found in lysosome- 
like bodies. In contro l fish, apop to t ic  cells are com m on ,
a l though  the final stages o f  apop tos is  are rarely encoun­
tered. This also applies to cell dea th  by necrosis, which 
is characterized  by swelling o f  the cy toplasm  and cyto­
plasmic organelles and  rup tu re  o f  cellular m em branes. 
The numerical densities o f  chloride cells determ ined in 
the D A SP E I-s ta ined  inner opercu la r  epithelium o f  con­
trols and  acid-exposed fish are show n in Fig. 6 , and  mi-
----------------------------------------------------------------------------------- >
Fig. Sa-c .  M icrograph o f  inner opercular epithelium showing fluor­
escing chloride cells (D A SPEl staining); a pH 7.6 (control); b 
pH 4.5. 7 days; c pH 4.5, 28 days, x 210
Fig. 9. Acclimatization to pH 4.5. 2 days, acute exposure. Necrotic 
chloride cell, x 9500
Fig. 10. Acclimatization to pH 4.5, 7 days. Chloride ccll showing 
first signs o f  apoptosis:  loss o f  apical crypt and cytoplasmic densifi­
cation. x 7200
Fig. 11. Acclimatization to pH 4.5, 7 days. Apoptotic  chloride cell 
engulfed by macrophage (nw); a dense nucleus, dilated elements 
o f  the tubular  system, and many mitochondria  arc visible, x 12000
Fig. 12. Acclimatization to pH 4.5, 7 days. Large lysosome-like 
body, probably representing the apoptotic  remnant o f  a chloride 
cell, in a macrophage (ma), x 12000
accessory chloride cells 
immature 
mature
apoptotic 
necrotic
day 28
400
200
1 •  -
V '
$
%  * *
•4»
• • 1^
•
•
m
8 a ,  _  ._
#
« f %
4
#
«
i
§ 0t
b
»
*  »
♦ '
Ÿ
9
t
?w.Qs>
r *  ^ - V  Jw\  J L -
N '  V i* ' j»*
5-2' •>*••«. te* <ß_ *>
' I  &■ ' •. T. : <
* % •
;  w  ,  y v
mJ&fe* 17&ËL
zfKi. »V-■ /  tiivi 
¡ f .  ; 
íéé# ^  '
n
580
-  w  * > * •>  '  ' i *  * jV - r j
i l l  m
■ * •
crog raphs  o f  this epithelium in Fig. 8 a-c .  The relative 
frequencies o f  accessory, im m ature ,  m atu re ,  apop to t ic  
and necrotic cells are shown in Fig. 7.
Acid  it'ater
Two days. E xposure  to acid w ater  for 2 days induced 
s tructura l dam age  in bo th  pavem ent cells and  chloride 
cells: the incidence o f  necrosis o f  these cells, which is 
u n co m m o n  in contro l fish (less than  1 %  o f  the chloride 
cells) increased (Figs. 7, 9). However, in acid-exposed 
fish, the frequency o f  necrosis was strongly related to 
the initial rate  o f  reduction o f  w ater  pH. Tissue dam age  
was substan tia l  when the d rop  in w ater pH took place 
in less than  10 min, and  com prised  10% —20% o f  the 
branchial chloride cells. The percentage o f  necrotic cells 
was less than  5%  when acidification o f  the w ater  oc­
curred m ore  gradually  (2 h). U nder  these conditions, the 
chloride cell density after 2 days was significantly higher 
(P c O .O l)  than  in the contro ls  and  in the fish exposed 
to acute  acidification (Fig. 6 ). M oreover, the num bers  
o f  accessory cells and  apop to t ic  cells notably increased. 
M atu re  chloride cells were observed less frequently than 
in contro ls  (Fig. 7). The  lym phoid  spaces between the 
epithelial cells were m arkedly  enlarged when com pared  
to those o f  the contro l fish, and  conta ined  various types 
o f  white blood cells, including m acrophages.
As shown in Table 1, p lasm a osm olarity  and  sodium
Fig. 13. Filament epithelium, 
pH 4.5 (7 days). Accessory (ac) 
and immature  (ic) chloride cells 
sharing an apical crypt (<•): the 
tubular system o f  both cells is 
poorly developed; gcr g ranular  
endoplasmic reticulum; G Golgi 
area; n d ich rom atic  nucleus with 
prominent nucleolus, x 16000
were reduced after 2 days in acutely exposed fish, w here­
as these param ete rs  were unchanged  in the o the r  experi­
mental groups.
One week. The density o f  opercu la r  chloride cells in­
creased twofold over con tro l  values in fish acutely ex­
posed to acidified water. In the fish from gradually  acidi­
fied water, a threefold increase was found (Figs. 6 , 8 a, 
b). Estimates o f  the n u m b er  o f  cells in the in terlam ellar 
area  indicated a similar increase o f  chloride cells in the 
epithelium covering the gill arches (Fig. 2). U ltras truc-  
tural exam ina tion  o f  the filamental epithelium showed 
tha t  the percentage o f  accessory chloride cells had in­
creased to twice tha t  o f  the contro ls  (abou t  12% ; Figs. 3,
7, 12). The n u m b er  o f  im m atu re  and  ap o p to t ic  chloride 
cells showed a similar increase as the accessory cells, 
to ab o u t  30%  and 45% , respectively (Figs. 7, 10-13). 
However, the n u m b er  o f  m a tu re  chloride cells am o u n ted  
to less than  10%, com pared  with m ore  than  50%  in 
the contro ls  (Fig. 7). In m ost  o f  the m a tu re  chloride cells, 
the g ranu la r  endoplasm ic  reticulum and  free ribosom es 
were m ore  frequent than  in the m a tu re  cells o f  contro l 
fish (Fig. 5). All phases o f  apop tos is  were com m only  
found : cells showing the first sym ptom s o f  cytoplasmic 
densillcation, w ithout apical crypt, bu t  apically in c o n ­
tact with the w ater (Fig. 10 ); m ore  condensed  cells, with 
swollen tu b u la r  systems tha t  were separa ted  from the 
w ater by pavem ent cells; fully condensed  cells, phagocy-
J
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Table !. Plasma osmolarity, sodium and total calcium levels of  
control fish and o f  fish exposed for 2, 7 and 28 days to water 
o f  pi 1 4.5. The water was acidified cither acutely or gradually. 
Means ± S D  of  7 fish per group
Na+/K +ATPase, V
Osmolarity 
mosmol • 1 ~ 1
Sodium m M Calcium m M
2 Days
Controls 317 ±  8 144 +  7 3.06 ± 0 .17
pH 4.5 (acute) 294 ±  6 * 126±  6 * 2.94 +  0.13
pH 4.5 (gradual) 321 ± 4 142 +  5 3.12 +  0.21
7 Days
Controls 324 ± 5 146 ± 4 2.96 +  0.16
pH 4.5 (acute) 3 1 4 + 7 136 +  8 3.11 ±0.11
pH 4.5 (gradual) 316 ±  9 142 ±  5 2.89 ± 0 .18
28 Days
Controls 314 +  7 139 ±  7 3.12 ±  0.24
pH 4.5 (acute) 319 ±  10 145 ±  11 3.22 ± 0 .18
pH 4.5 (gradual) 316+11 140 ±  8 3.02 ±0.11
Significantly different from controls, / ) <0 .05
tosed by m acrophages ,  but still recognizable as chloride 
cells (Fig. 11); and  large electron-dense phagosom es  in 
m acrophages ,  p robab ly  representing apop to t ic  rem nants  
o f  chloride cells (Fie. 12). Necrosis was rarely observed 
(Fig. 7).
P lasm a osm olarity , sodium  and total calcium levels 
in the acid-exposed fish were not significantly different 
from the controls.
Four and six  weeks. A fter pro longed  exposure  to acid 
water, the chloride cells had further  increased in num ber,  
and  showed a fivefold rise com pared  with the contro ls  
(Figs. 6 , 8 c). N o  difference in numerical chloride cell 
density was noticeable between the fish tha t  were acutely 
or g radually  exposed to acid water. The percentage o f  
accessory chloride cells was also above the contro l level, 
a l though  lower than after 1 week in acid w ater  (Fig. 7). 
The percentage o f  im m atu re  cells had slightly increased 
and  tha t  o f  the apop to t ic  cells decreased when com pared  
with values on day  7, but both  cell phases dom ina ted  
(40%  each). The percentage o f  m a tu re  cells was similar 
to tha t  at day  7 and  was thus low in com parison  with 
con tro l  fish. Necrotic  cells were rarely found. N o differ­
ences were observed between fish exposed for 4 or 
6 weeks.
Plasma osm olarity ,  sodium  and  total calcium levels 
o f  the acid-exposed fish were not significantly different 
from the con tro l  levels (Table 1).
Na + /K  +-A T Pase  activity was determ ined  for the gill 
arches and  for the inner opercu lar  epithelium o f  fish 
exposed for 4 weeks to pH 4.5, and  o f  contro ls  (Fig. 14a, 
b). Specific enzyme activity was not significantly in­
creased, in co n tra s t  to total enzyme activity per fish. 
However, the increase in total enzyme activity was lim­
ited to 50%  for the gills and  to 40%  for the opercula. 
Total enzyme activity o f  the gills was 5-6  times tha t  o f  
the opercula  in bo th  groups.
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Fig. 14a, b. Specific (a V c in f.imol Pj-h 1 per mg protein) andpc
total (b V,ola|) N a ^ /K  -ATPase activity o f  gills and inner opercular 
epithelia o f  control fish (pH 7.6) and fish exposed for 4 weeks to 
acid water (pH 4.5). Vt0,a, is defined as the product of  Vspcc and 
total protein per fish (mg) in the initial homogenate  of  the branchial 
and opercular epithelia; // =  8
Discussion
Water acidity and structural tissue damage
Structural dam age  o f  the gills o f f i s h  exposed to pH  4.5 
is limited. Substantia l  dam age  is only found immediately 
after  acute acidification and  not after a g radual d rop  
in w ater  pH , and  can therefore be ascribed to the m ethod  
o f  acidification ra ther  than  to low w ater pH  itself. Acute 
acidification p ro m oted  necrotic degenera tion  o f  chloride 
cells, and  this may explain the transien t reduction  in 
the n u m b er  o f  opercu lar  chloride cells observed after 
48 h in fish acutely exposed to low pH . After g radual
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mature
Fig. 15a-d. Diagrammatic  
representation o f  the chloride cell 
cvcle: a mature chloride cell,m
associated with an accessory cell 
(acc.): c apical crypt;  /> pavement 
cell; h m ature  chloride cell 
degenerates apoptotically and 
loses contact with the water; the 
accessory cell (ucc.) develops; c 
immature chloride cell, developed 
from accessory cell: the apopto tic  
body (ah) o f  the replaced chloride 
cell becomes engulfed bv a 
m acrophage; d new mature 
chloride cell has developed and is 
associated with a new accessory 
cell (ucc.): the apopto tic  chloride 
cell remnant is digested in the 
m acrophage
acidification, necrosis was infrequent and , in the first 
few days after acidification, no decrease in chloride cell 
num bers  was observed. After 4 or 6 weeks at pH 4.5, 
necrosis was back to contro l levels. Thus, except for 
the transient increase in necrosis after acute  pH reduc­
tion. no a p p a re n t  tissue dam age  was noticed.
Exposure  to pH 4.5 only has m inor effects on p lasm a 
osm ola li ty ,  sodium  and  total calcium levels. Statistically 
significant reductions are limited to the acutely exposed 
fish, and  therefore may be caused by the s tructura l d a m ­
age observed in these animals. A pparen tly ,  the fish arc 
able to m ain ta in  osm otic  and ionic balance after  gradual 
pH reductions.
Few reports  on the effects o f  low pH on gill m o rp h o l­
ogy are available. In line with o u r  results, Jagoe and  
Haines (1983) and Leino and M cC orm ick  (1984) have 
found tha t  fish, exposed to acidified water above the 
pH level tha t  causes acute m orta lity , show little a lter­
ation  in gill m orphology . W hen the fish are exposed 
to a pH level tha t leads to severe osm oregu la to ry  d is tu r ­
bances and  m orta li ty ,  however, chloride cells arc dam - 
aged and reduced in num ber  (Leino et al. 1987). The 
severe gill injury reported  earlier by Dayc and G arsidc  
(1976) and  Jagoe and  Haines (1983) for some salm onid 
species also concerned fish exposed to lethally acidified 
water.
The conclusion from the above da ta ,  th a t  chronic  
exposure  to sublethal pH levels does not lead to su b s tan ­
tial s tructural dam age  o f  the gill epithelium, is seemingly 
in con tras t  with the results o f  Chevalier et al. (1985). 
Their  light- and  electron-m icroscopic  observations  o f  
gills o f  b rook  t rou t  from acidified (pH 5.5) and  n o n ­
acidified lakes show extensive separa tion  o f  the epithelial 
layer from underlying tissues, de fo rm ation  o f  lamellae 
and  degenera tion  o f  chloride cells. However, as already 
suggested by the au thors ,  these effects may be a t tr ibu ted
to the high a lum inum  concen tra t ion  (m ore than  10 times 
tha t o f  the w ater used in o u r  experiments) and  the pres­
ence o f  toxic heavy metals in the lake water. A lum inum  
and heavy metals are know n to inflict s tructura l  dam age 
to the iiilis (M alla tt  1985).
Chloride cell clcnsit i
A p rom inen t  effect o f  ac id-w ater  exposure  on tilapia 
is the d ram atic  increase in numerical density o f  chloride 
cells in bo th  the gills and  the inner opercu la r  epithelium. 
This con tras ts  with some o the r  studies, in which no effect 
o r  even a reduction o f  total chloride cell n u m b er  have 
been reported  (Chevalier et al. 1985; Leino et al. 1987). 
However, as m entioned  above, these studies involved 
w ater acidified to a level tha t was a lm ost o r  fully lethal 
for the species involved, or na tu ra l  w ater con ta in ing  sub­
stantial am o u n ts  o f  a lum inum  and, possibly, o ther  toxic 
metals. Cell pro lifera tion  m ay have been balanced by 
cell death  under these conditions. In agreem ent with this 
suggestion, Leino and  M cC orm ick  (1984) have reported  
chloride cell proliferation  for fa thead  m innow s in water 
at sublethal pH and at low concen tra t ions  o f  toxic m et­
als. In the same species, no increase or even a decrease 
in cell num bers  has been noticed at lower pH and  in 
the presence o f  toxic metals (Leino et al. 1987).
Ultrcistructure o f  the chloride cells
We have identified accessory, im m ature ,  m a tu re  and 
ap o p to t ic  chloride cells; we consider these to be succes­
sive stages o f  the chloride cell cycle (Fig. 15). D uring  
exposure  to acid water, the frequency o f  the different 
stages changes rem arkably .
immature
macrophage
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Accessory cells. Accessory cells have been considered ci­
ther as developing stages o f  chloride cells (H o o tm a n  and 
Philpott  1980; Pisam 1981 ) o r  as a specific cell-type typi­
cal for seaw ater  fish (Sardet et al. 1979; L auren t  and 
Dunel 1980; Chrétien  and  Pisam 1986). Lacy (1983). 
Leino and  M cC orm ick  (1984), Chrétien  and  Pisam 
( 1986) and  Pisam et al. ( 1989) have reported  the presence 
o f  an occasional accessory cell in freshwater fish. We 
have also found accessory cells in freshwater tilapia, and 
observed tha t  they become m ore num erous  after  transfer 
o f  the fish from freshwater to seaw ater (W endelaar Bon- 
ga and  Van der Meij 1989). The present da ta  show  that 
accessory cells also become m ore num erous  in tilapia 
exposed to acidified freshwater. This has previously been 
reported  by Leino and  M cC orm ick  (1984) in their s tudy 
on fa thead  m innows. In tilapia, the percentage o f  acces­
sory cells is corre la ted  with the rate o f  increase o f  the 
total n u m b er  o f  chloride cells: a peak  is found 2 and  
7 days after  the start  o f  the experiment, when total ch lo ­
ride cell density increases rapidly. This relationship  su p ­
ports  the in te rp re ta tion  o f  these cells as young  stages 
ra the r  than  as a specific type o f  chloride cell. It is possi­
ble tha t there are different types o f  accessory cells, since 
several au tho rs  have reported  that,  in seawater fish or 
euryhaline  seaw ate r-adap ted  fish, apical cy toplasm ic  
processes o f  accessory cells interdigitate  with the apical 
cy top lasm  o f  neighboring  m a tu re  chloride cells (Sardet 
et al. 1979; Dunel and  Lauren t 1980; H w ang  and  H irano  
1985: Chrétien  and  Pisam 1986: Pisam et al. 1988; 
H w ang  1988). N either  Leino and  M cC orm ick  (1984). 
n o r  o u r  g ro u p  have observed this type o f  in terdigita tion 
in fa thead  m innors  or tilapia, respectively. The  nam e 
“ replacem ent cel Is m ay be m ore  ap p ro p r ia te  than  ac ­
cessory cells for these species.
Immature chloride cells. Especially at days 7 and  28, a 
high percentage o f  cells show s tructura l  characteristics  
in term edia te  between those o f  accessory chloride cells 
and  m a tu re  chloride cells. A lthough  the tu bu la r  system 
is still not fully developed in these cells, the apical differ­
en tia tion  suggests tha t  they are functional,  a l though  
p robab ly  at a low level.
Mature chloride cells. W hereas  m atu re  chloride cells are 
the m ost co m m o n  cell stage in con tro l  fish, they become 
scarce in acidified water. The percentage reduction  o f  
this cell stage indicates tha t they age m ore  rapidly in 
acid w ater  than  in w ater  o f  neutral pH. Nevertheless, 
the fourfold  reduction  o f  the percentage o f  these cells 
is com pensa ted  for by the fivefold increase in total ch lo ­
ride cell num bers ;  this results in a larger total nu m ber  
o f  m a tu re  cells in fish from acid w ater  than  in contro l 
fi s h .
cells o f  the S tannius bodies in tilapia (W endelaar Bonga 
and P ang  1986). In an earlier study, we in terpreted  the 
progressive densification o f  the cells, resulting in the fo r­
m ation  o f  large g lobu la r  s tructures, as signs o f  apop to t ic  
degenera tion  (W endelaar Bonga and  Van der Meij 1989). 
Such dense ap o p to t ic  bodies have also been reported  
by D ao u s t  et al. (1984) in chloride cells o f  ra inbow  trout 
exposed to m ercury  and  copper. In general, apop to t ic  
bodies o f  epithelial cells are phagocytosed  and  destroyed 
either by neighboring  epithelial cells o r  m acrophages  
(Wyllie 1981). We have only found the involvement o f  
m acrophages  in this process, bo th  in the present and  
an  earlier s tudy (W endelaar  Bonga and  Van der Meij 
1989), a l though  in ra inbow  trou t  the pavem ent cells m ay 
occasionally  phagocytose  ap o p to t ic  bodies o f  chloride 
cells (unpublished  observations). The high incidence o f  
ap o p to t ic  chloride cells in fish from acid w ater is fu rther  
evidence tha t  m a tu re  cells age rapidly when exposed to 
acid water.
Apoptotic cells. A poptosis ,  the m ost c o m m o n  type o f  
physiologically contro lled  cell degenera tion  and  death , 
has been described for m any  cell types in the higher 
vertebrates  (Wyllie 1981; Bursch et al. 1985). In fish, 
it has been reported  in cells p roduc ing  ha tch ing  enzyme 
in pike em bryos  (Schoots  et al. 1983), and  in endocrine
Branchial ion transporting activity
A lthough  the chloride cells o f  acid-exposed fish show 
a fivefold increase in num ber, analysis o f  the u l tras truc­
ture o f  these cells suggests tha t the increase in ion-trans- 
port ing  activity o f  the gills is limited: m ost o f  the cells 
are im m atu re  or degenerating. The numerical density 
o f  m a tu re  chloride cells in the inner opercu la r  epithelium 
is only slightly higher than in the controls. Since in im­
m atu re  cells the tu b u la r  system is poorly  developed, and  
since m ost accessory and  degenerating  cells are no longer 
in con tac t  with the am bien t  water, the ion - transpo r t ing  
capacity  o f  these cells is considered to be low o r  absent, 
respectively.
This inference is supported  by o u r  observation  that,  
after 4 weeks o f  acclim atization to acid water, there is 
only a 4 0 % - 5 0 %  increase in Na f K ' -A TPase  activity
J  I  *
per fish, substantia lly  less than  m ight have been expected 
on the basis o f  the increase in cell num ber. Because this 
increase is mainly accounted  for by accessory, im m ature ,  
and  apop to t ic  cells, we conclude that the N a ^ / K  + - 
A T Pase  activity o f  these cells is low or  absent. H o o tm an  
and Philpott  (1980), using a cytochemical technique, 
have not been able to detect N a  + /K ^ -A T P a s e  activity 
in accessory cells. Thus, the total ion t ran spo r t ing  capac ­
ity o f  the gill area  has not increased to the extent tha t  
might be inferred from the fivefold increase in numerical 
chloride cell density. This agrees with o u r  recent obser­
vation tha t  sodium  up take  rates (and also diffusional 
sodium  losses) o f  tilapia exposed for 6 m on ths  to w ater  
o f  pH  4.5 are lower than  in contro ls  (Flik et al. 1989). 
In these fish, the chloride cell density o f  the inner o pe rcu ­
lar epithelium is four times that o f  the contro ls  (u n p u b ­
lished observations).
The above da ta  indicate tha t  the ion - transpor t ing  
capacity  o f  the gills is related to the total n u m b er  o f  
m a tu re  chloride cells ra the r  than  to the total num ber  
o f  chloride cells. This limits the value o f  d a ta  ob ta ined  
with D A SP E I staining or with o ther  fluorescent dyes
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used for chloride cell quan tif ica tion  tha t  dem onstra te  
m itochondria -r ich  cells. A high density o f  m itochond ria  
is also found in accessory and  im m atu re  cells still lacking 
a well-developed tu bu la r  system. The total n u m b er  o f  
fluorescing cells is therefore not directly related to the 
ion - transpor t ing  capacity  o f  the gills.
The  large nu m ber  o f  im m atu re  and  degenera ting  
chloride cells suggests a d ram a tic  increase in cellular 
turnover. The functional lifetime o f  a m atu re  chloride 
cell is p robab ly  m ore  limited in acid water. This in terpre­
tation is supported  by o u r  earlier observations  on ch lo ­
ride cells o f  tilapia during  and  after transfer o f  the fish 
from freshwater to seawater (W endelaar and  Van dcr 
Meij 1989). In general, the changes observed are qu a l i ta ­
tively similar to those reported  in this s tudy: m ore  acces­
sory cells and  im m atu re  cells, and  a higher incidence 
o f  cellular degenera tion  by apoptosis .  T ondeur  and  Sar­
gent (1979) have shown, by tritiated thym idine  labeling, 
tha t  the tu rnover  o f  chloride cells o f  eels in seawater 
is twice tha t in freshwater. The s tructural diversity o f  
the chloride cells seems to be primarily  determ ined by 
the rate o f  cellular turnover.
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